[1] The auroral emission close to the foot of Io's magnetic flux tube has been known for over a decade to be one of the key parameters characterizing the electrodynamic interaction between the satellite and Jupiter's magnetosphere. Ten years of observations of Io's magnetic footprint brightness have been conducted via far ultraviolet imaging by two instruments, the Space Telescope Imaging Spectrograph and the Advanced Camera for Surveys, on board the Hubble Space Telescope. The variation of Io's magnetic footprint brightness was found to have a strong correlation with the satellite's location in system III longitude. The persistent pattern of the variation of the brightness of the auroral emission at Io's magnetic footprint with longitude over 10 years of observations implies that the footprint emissions are primarily determined by processes other than temporal variations of the plasma torus. The changing location of Io in the plasma torus with longitude corresponds to changes in centrifugal latitude and to the plasma density in the vicinity of Io, likely affecting the electrodynamic interaction at the satellite. To test this, quantitative models of electron density and the generated power near Io are applied to simulate the observed footprint brightness variation pattern. We find, however, that the longitudinal variations in plasma conditions needed to produce changes in the electrodynamic interaction comparable to the observed modulation of the footprint emissions would require an unrealistically colder plasma torus than previously measured. We quantify the additional energy needed to produce the asymmetric emission peaks at 110 and 270 longitudes.
Introduction
[2] Jupiter's volcanically active satellite, Io, is the main contributor of plasma to Jupiter's magnetosphere. The distribution of Jupiter's magnetospheric plasma is controlled by the tilted and offset magnetic field. As a result, Io's interactions with both Jupiter's magnetic field and the plasma vary with the satellite's location. Io's influence on Jupiter's magnetosphere was first observed in Jupiter's decametric radiation [Bigg, 1964; reviewed by Carr et al., 1983; Zarka, 1998] . Direct evidence for the interaction at Io comes from auroral emissions observable close to the foot of Io's magnetic flux tube in Jupiter's ionosphere. The first observation of Io's infrared footprint emission from H 3 + was presented by Connerney et al. [1993] . For the last 15 years, Hubble Space Telescope (HST)/far ultraviolet (FUV) observations of Jupiter's aurora have shown the high variability of Io's footprint brightness and the multiplicity of the emission spots [Clarke et al., 1998 [Clarke et al., , 2002 Serio and Clarke, 2008, hereinafter SC08; Bonfond et al., 2007 Bonfond et al., , 2008 Wannawichian et al., 2010] . The origin of the multiple emission spots has been analyzed and found to be the result of reflections of Alfvén waves on the density gradients at the boundaries of the plasma torus, as well as bidirectional electron acceleration by dispersive Alfvén waves [Hess et al., 2010, and references therein] . One of the spots was suggested to be connected to the main Alfvén wing (MAW), which is the main focus of this study. The other two spots are related to the reflected Alfvén wing and transhemisphere electron beams (TEBs) caused by electrons accelerated in one hemisphere and precipitating in the other. Io's auroral footprint emission was found to be the brightest among the magnetic footprints of the Jovian satellites.
These studies of Io's magnetic footprint are powerful tools for understanding satellites' role in influencing planetary magnetospheres [Goertz, 1980; Kivelson et al., 2004; Saur et al., 2004] .
[3] The Io-Jupiter interaction was initially described by the unipolar inductor model [Goldreich and Lynden-Bell, 1969] . With more detailed observations and modeling of Io's interaction with the plasma torus, the current view of Io's interaction with the surrounding plasma is that of an electrodynamic interaction where Alfvén waves are launched along the magnetic field away from Io, both northward and southward, toward Jupiter (see reviews by Kivelson et al. [2004] and Saur et al. [2004] ). If the satellite's footprint brightness is primarily controlled by the power of Alfvén waves generated at Io, then the brightness will be proportional to the local magnetic field and the square root of the local plasma density. The power is then transmitted to the electrons, which later precipitate into Jupiter's ionosphere and cause the multiwavelength auroral emissions at the foot of the Alfvén wing. Several models have been employed to explain the plasma interaction near Io (as reviewed by Saur et al. [2004] ), and the parallel electric field profile along the magnetic field line has been studied based on observations of Jupiter's radio emissions [Hess et al., 2008 [Hess et al., , 2010 Jones and Su, 2008] . The observations by HST show that the Io footprint emission is brightest when the satellite is near the center of the plasma torus [Gérard et al., 2006; SC08; Wannawichian et al., 2010] where the plasma density is highest. In this paper we will compare measured brightness with modeled values of the power of Alfvén waves generated at Io, assuming emitted brightness is directly proportional to the power generated near Io.
[ Thomas et al. [2004] ). Voyager observations of the plasma torus were obtained by the Voyager Ultraviolet Spectrometer [Broadfoot et al., 1979] and in situ measurements by the Plasma Science experiment [Bridge et al., 1979] . In general, the radial variation of the density appears to be highly concentrated near Io's orbit. Ground-based observations of [S + ] 6731 Å emission [Schneider and Trauger, 1995] showed a dawn-dusk asymmetry of plasma densities. In addition, the brightness of the torus appeared to vary with system III (l III ) longitude. Observations of the torus' EUV brightness by the Cassini Ultraviolet Imaging Spectrograph over a period of several months showed changes in the torus structure with system III longitude. The torus structure appeared to drift by~4% from Jupiter's rotation and changed over time [Steffl et al., 2004a [Steffl et al., , 2004b [Steffl et al., , 2006 . Steffl et al. [2008] explain the modulations in torus properties via minor variations in a small number of suprathermal electrons.
[5] This study will examine the direct connection between plasma density and the magnetic field near Io and the auroral brightness of Io's magnetic footprint, taken as evidence of the strength of the electromagnetic interaction at Io. We use a four-dimensional empirical model for the density structure of Io's plasma torus, which is based on both in situ data and theory of the torus structure. The model varies with four parameters: dipole L shell, magnetic latitude, magnetic longitude, and local time [Smyth et al., 2011] . The modeled Alfvén wave power generated at Io will then be compared with the satellite's magnetic footprint brightness to determine the extent to which the expected strength of the interaction near Io can explain the brightness of the auroral footprint.
Observations and Data Reduction
[6] During HST observing campaigns from 1997 to 2007, a data set of Io's magnetic footprint brightness was acquired from 242 images of Jupiter's FUV aurora. The 25 MultiAnode Microchannel Array detector on the Space Telescope Imaging Spectrograph was used to obtain the images until the summer of 2004. Since 2004, the Advanced Camera for Surveys instrument with the Solar Blind Channel has continuously been used for planetary FUV imaging. The present reduction procedure includes newer dark image subtraction, flat field correction, and instrumental geometric distortion correction [Nichols et al., 2008; Clarke et al., 2009] . Note that there are often multiple auroral spots observed near the Io footprint [e.g., Bonfond et al., 2008] and that in this study, we concentrate on the brightest main spot. Detailed information regarding the observational instruments, data reduction, and background subtraction procedures can be found in Wannawichian et al. [2010] .
Data Analysis

Magnetic Field Magnitude at Io
[7] The VIP4 model [Connerney et al., 1998 ] was used to calculate the magnetic field strength at Io as a parameter for the calculation of the generated power at Io. The VIP4 model was named for the use of Voyager, Io footprint, and Pioneer observations (VIP) and the maximum spherical harmonic expansion to degree and order four. The location of the Io footprint on the images may significantly differ from the predictions of the VIP4 model. More recently, Hess et al. [2011] have developed an updated version of VIP4 model, which includes the modeling of the lowest orders of the magnetic Anomaly and the correction of the Longitudinal position of the magnetic field lines mapping to Io's orbit (VIPAL). However, the differences are not significant for our study. In our work, the slight difference between VIP4 and VIPAL models on the prediction of the footprint's location is compensated by a manual adjustment of the footprint location to the observed peak before obtaining the brightness. In addition, the magnetic field strength obtained from VIP4 was found to be less than 1% different from the field calculated by VIPAL; therefore, the conclusions about modeling the generated power in section 3.3 will not be significantly affected.
Torus Modeling
[8] The electron density in the vicinity of Io was modeled by Smyth et al. [2011] . Based on early observations of Jupiter's plasma torus, it is clear that the effect of the tilted and offset magnetic field significantly alters the distribution of plasma in Jupiter's magnetosphere. The magnetic field is tilted by 9.6 from the spin axis toward system III longitude 201.7
and is offset 0.131 R J (R J = 71,492 km) toward 148.57 in l III in a direction 8.0 below Jupiter's spin plane [Acuña et al., 1983] . Under a constraint from ground-based observations of Jupiter's plasma torus [Schneider and Trauger, 1995] and in situ observations by the Voyager and Galileo spacecraft [Bagenal, 1994; Frank and Paterson, 2000] , the modeled electron density varies as a function of radial distance (in magnetic L shell), latitude, system III longitude (l III ), and local time. The distribution of plasma is influenced by the offset tilted magnetic field, based on the multipole expansion of the O4 (octupole) magnetic field model [Acuña and Ness, 1976] .
[9] In the model, the local time parameter, also called the heliocentric phase angle, is the location of Io in its orbit with respect to the Sun. The heliocentric phase angle is 0 for midnight, 90 for dawn, 180 for noon, etc. The local time variation of the plasma density is observable as a dawn-dusk asymmetry of the plasma torus, i.e., a shift of the spatial profiles of SII and SIII features in the observed brightness of the torus toward the dusk ansa [Broadfoot et al., 1979; Schneider and Trauger, 1995] . The dawn-dusk electric field across Jupiter's magnetosphere responsible for the asymmetry of the torus plasma [Smyth and Marconi, 1998 , 2003 ] is a result of the antisunward motions of the plasma downstream in Jupiter's magnetotail [Ip and Goertz, 1983; Barbosa and Kivelson, 1983] .
[10] In the model, a suitable quasi dawn-dusk electric field, fitted to the data from Schneider and Trauger [1995] , is 2.67% of the corotational electric field (0.154 V/m, determined using B = 2073.4 nT and the plasma's corotation velocity at the orbit of Io, 74 km/s). During Voyager 2's observations of the plasma torus from two different lines of sight (both inbound and outbound), the rotation angle of the electric field was suggested to be~15 eastward from the dawn-dusk meridian [Sandel and Broadfoot, 1982] . In addition, the electron densities modeled using such a rotated electric field agree well with the location of the S + ribbon as observed previously by Schneider and Trauger [1995] . However, it must be noted that over a period of only 5-10 Jupiter rotations, both the magnitude of the quasi dawn-dusk electric field and the rotation angle can change noticeably. For example, from Voyager 1's (1979) in situ electron density measurements, the magnitude of the quasi dawn-dusk electric field was suggested to bẽ 4.25% of Jupiter's induced electric field with a~20 rotation angle. This rotation angle of the electric field is not a major factor, however, and does not significantly alter the plasma torus density (less than 15%).
[11] Observations of the plasma torus density have been obtained from ground-and space-based telescopes as well as by six spacecraft. Thomas et al.'s [2004] review of the torus conditions reports variations in density of factors of 2 between observing epochs. The ion and electron temperatures seem to be more stable with <50% variation over time.
[12] In this paper we will compare the modeled electron density near Io (with variations in magnetic longitude, latitude, and local time) based on the Smyth et al. [2011] model with the magnetic footprint brightness of Io.
Power Generated at Io
[13] The electric field, E 0 , at Io is a result of Jupiter's magnetic field moving past Io with a relative velocity (v) = 57 km/s at the satellite. The average value of the magnetic field at Io, B Io , is 2 mT, and the electric field at Io is~0.01 V/m. The current J carried by the Alfvén wave away from Io depends on the Alfvén conductance Σ A , which varies with the plasma density r, near Io:
where Σ A is the Alfvén conductance , r is the plasma density near Io, R Io is the radius of Io (equal to 1815 km), and m 0 is the permittivity of free space . Using typical values for the electron density near Io of 2500 cm À3 (discussed further below), a current of~1 MA is then expected to be driven in the vicinity of Io. Therefore, the power generated due to the interaction between Io and Jupiter, which is a product of the voltage across Io, 2E Io R Io , and the current, J, is given by
which is proportional to B 0 ffiffiffi r p and hence less sensitive to changes in r. and 290 , respectively (0 corresponds to midnight and 90 to dawn).
[14] The electron density at Io r is parameterized using an empirical model which incorporates the motion of Io toward and away from the tilted plasma equator as the satellite proceeds in its orbit, which we now discuss. According to Hill and Michel [1976] , the distribution of the density is expected to vary as a Gaussian function of Io's distance from the centrifugal equator, z, which is a function of Io's l III , such that
Figure 2. Io's footprint brightness is compared with modeled electron density near Io based on three observations, i.e., (a) Voyager 1 in March 1979 [Bagenal, 1994] , (b) ground-based observation [Schneider and Trauger, 1995] , and (c) the Galileo spacecraft [Frank and Paterson, 2000] . Figure 3 . Io's footprint brightness was fitted to the generated power at Io, which varies as the product of the magnetic field and the square root of the plasma density near Io. The density decreases as a function of Io's distance, z, from the centrifugal equator and the density scale heights, H, of (a) 1 R J , (b) 0.5 R J , and (c) 0.35 R J . The last case is for the test where the scale height is freely fitted to the footprint brightness variation.
where r 0 (cm
À3
) is the plasma density at the equatorial plane and H is the plasma density scale height along the flux tube.
[15] In the next section, the effect of the density scale height, H, on the fit of the generated power at Io to the satellite's magnetic footprint brightness will be tested. The normalized values of generated power were fitted to the normalized magnetic footprint brightness of Io to match the amplitude variation of Io's magnetic footprint brightness and the modeled generated power. In addition, Steffl et al. [2006] reported that the equatorial plasma density varies as a sinusoidal function of l III , such that here we employ a modified model for the plasma density given by
where phase l 0 is the longitude of the peak and r 1 = 0.2r 0 [Steffl et al., 2006] .
[16] As we show below, the change in density near Io with longitude is not sufficient to explain the two observed peaks in the footprint brightness with longitude. These require enhancements in the power near the peaks, which can be parameterized by two Gaussian terms included in equation (5). It should be noted that only a fraction of the power generated at Io precipitates into the Jupiter auroral region to create the main Io spot. As a consequence, these added Gaussian terms could account for either an increase of the generated power at Io in these longitude ranges or some system III modulation of the many processes taking place between Io and the Jovian ionosphere, such as Alfvén waves reflections [Crary, 1997] .
[17] The parameters C 1 and C 2 represent the superimposed amplitudes, peaking where Io's l III is l eq,1 and l eq,2 , respectively. The enhanced energy is assumed to vary as a Gaussian distribution with a full width at half maximum, 2 ffiffiffiffiffiffiffi ffi ln2 p Δl. Although there are nine parameters that could be fitted to the observed footprint brightness, we limit the free parameters to seven. The two fixed parameters, according to previous studies, are the average amplitude (r 1 ) of the density variation = 20% [Steffl et al., 2006] , and the density scale height, H, is initially set to the lower limit of 0.5 R J (discussed in the next section).
Result
[18] The variations of Io's magnetic footprint brightness with longitude are presented in Figure 1 , for different local times (Figure 1a) , for separated north and south auroral emissions (Figure 1b) , and for different observational epochs (Figure 1c) . From Figure 1a , there is no clear evidence that (a) Io's footprint brightness was fitted to the generated power at Io, which varies as the product of the magnetic field and the square root of the plasma density near Io. In this case, the density not only does decreases as a function of Io's distance, z, from the centrifugal equator and the density scale heights, H (set to 0.5 R J ), but also modulated with the amplitude 0.2 as a result of azimuthal variation [Steffl et al., 2006] . The azimuthal variation (as a function of system III longitude, l III ) of the plasma density is approximated by the sinusoidal term, which has the amplitude of 20% of the background density and the phase of l 0 . (b) The case where Io's magnetic footprint is evenly distributed was tested where the averaged magnetic footprint brightness was closely fitted with the model of the generated power at Io. the emission at Io's magnetic footprint is brightening differently when Io is near dawn or dusk. In Figures 1b  and 1c , the brightness variation of Io's magnetic footprint appears to be highly consistent over the 10 year period of observations, with no clear difference between the auroral emissions in the northern and southern hemispheres, although the overlap between measured northern and southern emissions is limited.
[19] On the other hand, according to the model by Smyth et al. [2011] under the influence of an east-west electric field, the torus plasma density appears asymmetric and shows very different behavior (Figure 2 ), based on three sets of observational data. Figure 2a shows the local plasma density based on observations of composition and temperature observed along the Voyager 1 spacecraft trajectory in March 1979 [Bagenal, 1994] . In Figure 2b , the plasma model is constrained by the result from the ground-based observation of S + emission from Jupiter's plasma torus in 5 February 1991 [Schneider and Trauger, 1995] . In order to generate a plasma density suitable for the torus in the 1991 epoch, the default torus density in the Voyager 1 epoch (1979) was multiplied by a factor of 1.29 and multiplied by a factor of 2 when fitting data in the Galileo epoch. The modeled electron density (in Figure 2b) closely matches Schneider and Trauger's data in radial distance and dusk brightness for all l III . For a third model, the model electron density was compared with data obtained during Galileo's Io flyby on 7 December 1995 [Frank and Paterson, 2000] , as shown in Figure 2c . In comparison with the variation of Io's magnetic footprint brightness, the distribution of modeled electron density appears highly variable with observing time, Io's locations, and local time, with peaks near 140 and 290 . Clearly, none of these models and their periodic trend matches the longitudinal variations in Io's detected footprint brightness.
[20] For the next investigation, we fit the brightness of Io's magnetic footprint to a model of the generated power near Io, varying as a product of the magnetic field (VIP4 model), and the square root of electron density (equation (3)) was fitted to the brightness of Io's magnetic footprint. As illustrated in Figure 3 , considering the density decreases as a function of Io's distance, z, from the centrifugal equator and the density scale heights, H, the model for generated power allowed the peak density to vary but employed two fixed scale heights: 1 R J (Figure 3a) and 0.5 R J (Figure 3b) . The chisquares of these fits are higher than the optimal chi-square, allowing H to also vary, which produced a value of H of 0.35 R J (Figure 3c ). This exercise illustrates that realistic scale heights (0.5-1 R J ) [e.g., see Thomas et al., 2004] do not produce sufficient longitudinal variations to match the brightness behavior and then an unrealistically small scale height is required to match the brightness variation with longitude. Figure 4 summarizes the component functions for field and density (for three different scale heights). The fitted generated power appears to be strongly influenced by the variation of electron density near Io parameterized by the density scale height, H, used in the model, while the magnitude of the magnetic field at Io varies no more than 20%. A detailed calculation of the density scale height will be presented in section 5.
[21] In addition to the need for an unrealistically small scale height, we find that the calculated power generated at Io does not show the strong asymmetry between 110 and 270 longitudes. In an attempt to address this asymmetry, Figure 6 . The auroral footprint brightness variation with Io's longitude compared with the difference of this brightness trend with the best model based on density variations (shown in Figure 5a ). Figure 7 . (a) Io's footprint brightness was fitted to the generated power at Io, according to equation (5) and the initial input which is the same as in Figure 4 . (b) The same fit procedure was applied, where the magnetic footprint brightness was averaged for the purpose of testing the case of evenly distributed brightness.
we added a variation in density with longitude (according to equation (4)), keeping H = 0.5 R J . Figure 5a shows that even with the included sinusoidal term, the fit is only slightly improved (decreasing chi-square value) from the previous test shown in Figure 3b . It appears to be a result of the fact that most of the observed data fall near l III between~120 and 250
, and the least squares fit is dominated in these regions of l III . To remove this observational bias, a test case was run where the magnetic footprint brightness was averaged into 56 equal bins of l III (6 wide). The resulting fit (Figure 5b ) is improved. To better illustrate where the model does not match the observed footprint brightness, we calculated the difference between the observed brightness and predicted brightness in Figure 6 . The largest differences between the fitted generated power and Io's magnetic footprint are found near the emission peaks at l III of~110 and 270 .
[22] To better quantify the additional power responsible for the extensive emission near l III of~110 and 270 , we modified the generated power according to equation (5) to fit the magnetic footprint brightness. Figure 7 shows that the fit result is improved significantly, especially for the case of the averaged magnetic footprint brightness (Figure 7b ).
Discussion
[23] For different epochs, the electron densities of the plasma torus near Io were found to change significantlyby factors of 3-5 [Moncuquet et al., 2002; Thomas et al., 2004; Steffl et al., 2008] . In contrast, the general trend of Io's magnetic footprint brightness varying as a function of Io's l III appears to be relatively constant over a decade of observations (Figure 1c) . Overall, Io's magnetic footprint brightness appears to be more strongly related to the satellite's location with respect to the centrifugal equator [Wannawichian et al., 2010] than to other tested factors, i.e., local time, observational epochs. However, the effect of north-south magnetic field asymmetry is still unclear.
[24] According to observations [Sandel and Broadfoot, 1982; Schneider and Trauger, 1995] and the model by Smyth et al. [2011] , the density of the torus plasma appears asymmetric between the east and west ansae. From Figure 1a , the unclear dependence of Io's magnetic footprint brightness on Jupiter's local time suggests that the dawn-dusk electric field does not influence the emission close to the foot of Io's magnetic flux tube. Although our observations of northern and southern magnetic footprints are separated in their regions of l III , the variation trend from northern and southern auroral regions appears to be similar (Figure 1b) . It should be noted that although they were observed at different longitudes, the southern magnetic footprint appears to be brighter than the northern footprint near l III~1 10 . [25] According to the result in Figure 3 , the choice for the density scale height, H, as an input for the least squares fit should be considered carefully. The small value of H resulting in a large variation in density is a result of the nature of the Gaussian term, which decreases as a ratio of distance, z, to H. Therefore, in Table 1 , the ratio between the maximum distance of Io from the centrifugal equator, z max (0.66 R J ), and H could explain how much the density decreases when Io is located farthest from the centrifugal equator. According to Table 1 , H of 0.35 R J results in a significant change in density near Io. Since the generated power varies with the square root of electron density (equation (2)), the perturbation in power is influenced by the density scale height as
[26] Mathematically, this analysis can explain how H = 0.35 R J provides the best fit between the generated power near Io and the magnetic footprint brightness. However, while the magnetic footprint brightness could be related to the generated power at Io, which is modulated by the square root of electron density, H could not be changed indefinitely in order to acquire the best fit to the magnetic footprint brightness variations. Specifically, the density scale height varies directly with the ion temperature, T ion , and the average mass of the ion, A ion , in atomic mass unit (amu) [Hill and Michel, 1976] , which is~21 for dissociation products of SO 2 :
[27] The ion temperatures related to different values of H are presented in Table 1 . Generally, the torus ion temperatures near Io were measured to be about 50-100 eV [Thomas et al., 2004] . While H of 0.35 R J implies the unrealistic value of T ion , we decided that H of 0.5 R J is the least acceptable initial input for the further fit. Such a value for H would be reasonable if the parallel temperature, T // , is much less than the perpendicular temperature, T ⊥ . As a result, the rapid falling-off in density above and below the plane would be consistent with the sharp peak of Io's magnetic footprint brightness when the satellite was in the center of the centrifugal equator.
[28] A sinusoidal term was added to the generated power formula in order to represent an additional azimuthal variation that is needed on top of scale height variations in electron density to improve the fit (equation (4)). While the result is slightly improved, the generated power at Io is fitted better to the brightness variation when the brightness is evenly distributed as a function of Io's system III longitude. This confirms that the distribution of data (mainly observed between l III of 120-250 degrees) does not quantitatively influence the least squares fit. That is, the small number of data points in some longitudes, especially near l III of 110 and 270
, does not dominate the fit. The ion temperature corresponding to each density scale height (equation (7)) is also presented.
[29] At this point, two Gaussian terms were included in the formula (equation (5)) in an attempt to compensate for the difference between the fitted generated power and Io's magnetic footprint brightness near l III of~110
and 270 , shown in Figure 6 . The effect of these additional terms is to multiply the strength of the generation by 35 to 60% over narrow regions (~35 -78 wide). The physical meaning of these two Gaussian terms could be a superposition of mechanisms that affect the strength of the electrodynamic interaction at Io as well as the electron's precipitation into Jupiter's ionosphere. Such factors could be the plasma density near Io, the location of Io in the torus, and the atmospheric Pedersen conductivity in Jupiter's ionosphere, plus any nonlinear coupling of the Alfvén wave to the electron beams that produce the footprint aurora. Furthermore, the difference between Io's magnetic footprint brightness and the fitted generated power is largest near l III~1 00
, where Io is close to the centrifugal equator. One explanation could be the result of the merging of multiple emissions near Io's magnetic footprint when the satellite is located near the centrifugal equator [Serio and Clarke, 2008; Bonfond, 2010] . For a few of Io's magnetic footprints near l III 110 and 290 , these bright spots were observed when Io was located close to the centrifugal equator, where a high local plasma density was expected (Figure 8 ). Their brightness distributions show little evidence of a multiplicity of emissions. It is also noticeable that the residual values from the subtraction of the fitted generated power from Io's magnetic footprint brightness are occasionally more than half of Io's magnetic footprint brightness (Figure 6 ), especially near l III of 100 and 260 . Therefore, the complication of the electrodynamic interaction of the plasma and the Alfvénic perturbation could also play an important role in the mass pickup process as well as the acceleration of electrons in Jupiter's ionosphere. A detailed study of the significance of each mechanism, for example, charge exchange, the Alfvénic disturbance, and ionization, on the interaction and mass pickup at Io will be needed for a full understanding of the interaction between Io and Jupiter.
[30] Although the generated power at Io can thus be calculated from the VIP4 magnetic field model using equations (1)-(4) and an assumed value of H = 0.5 R J , the brightness of the auroral footprint is further modified by the processes which transmit this power from the interaction region near Io to Jupiter's ionosphere. The observation of multiple emission features near the predicted location of Io's magnetic footprint has been proposed to indicate the Io-generated waves reflected at plasma density gradients in the plasma torus and the transmitted electron beam between the northern and southern hemispheres of Jupiter [Bonfond et al., 2009; Bonfond, 2010; Hess et al., 2010] . It should be noted that the measured footprint brightness values are for an area of 0.25 arc sec square, which corresponds to a square with a side of 750 km on Jupiter. The typically brightest feature in the footprint, called the main Alfvén wing spot, is thus normally included, while additional emissions such as the transhemisphere electron beam may, at times, move in and out of this area [Bonfond, 2010] . An initial experiment changing the size of the assumed emitting area did not reveal significant changes in the emission pattern with longitude. However, this is a promising area for further study.
[31] Moreover, there is considerable scope for further study of the potential mechanisms that might explain how power is transmitted from Io to Jupiter. Crary [1997] considered the electron beam to be impulsively generated by a parallel electric field carried by the Alfvén wave from Io, estimating the power of the beam to be 0.5-1.5 Â 10 11 W. Chust et al. [2005] observed that Galileo data near Io indicated that the Alfvén waves were filamented (giving shorter wavelengths perpendicular to the field), allowing more of the generated power to escape the torus. More recently, Hess et al. [2010] found that if the waves are filamented, then more of the Alfvén energy can be transferred to the electrons. The next step is to explore how these theoretical ideas of Alfvén wave generation, filamentation, and electron acceleration might produce the observed longitudinal modulation of the auroral spot.
Conclusion
[32] Over the 10 year period of HST observations, the variation trends of Io's magnetic footprint brightness were remarkably consistent. These results confirm the strong connection between the footprint's brightness and Io's location in the torus plasma, varying as a function of Io's system III longitude. However, the emission pattern cannot be explained by realistic density variations in latitude, local time, or observing time. A numerical study of the generated power at Io fitted to the satellite's magnetic footprint brightness with an empirical function provides acceptable results, while an explanation is required for the bright emissions of Io's footprint when the satellite is near l III of 110 and 290 .
[33] The relation between Io's magnetic footprint brightness and the plasma environment near Io, as well as the connection between Io and Jupiter's ionosphere, must be looked into with great detail. There are previous studies that provided multispecies chemistry models and MHD models for the electromagnetic interaction at Io [Steffl et al., 2008; Dols et al., 2008 Dols et al., , 2012 Jacobsen et al., 2010] . Both atomic neutrals (S and O) and molecular neutrals (SO 2 and SO) were found to be part of the plasma production for the torus, while the atomic neutrals appear to be the main provider for the plasma and energy to the torus [Dols et al., 2012] . On the other hand, the electron beams are likely to be generated downstream from the interaction region than from the region near Io [Jacobsen et al., 2010] . Therefore, the influence of electron density near Io on the auroral footprint emission could be highly complicated. It should be noted that the strongest acceleration of picked-up electrons by a parallel electric field was possible at high latitude (0.5 R J ) above Jupiter [Jones and Su, 2008] . Therefore, another controlling factor for the auroral emission should be the acceleration that takes place far from the interaction region.
[34] The details about the relation between Io's footprint brightness and the plasma environment near Io, as well as the connection between Io and Jupiter's ionosphere, are not yet clearly understood. Further theoretical studies of the connection between Io's footprint brightness and the electrodynamic interaction at Io as well as the electron acceleration process in Jupiter's ionosphere should provide an explanation for the nature of the interaction between Io and Jupiter. In addition, based on the previous determination [Wannawichian et al., 2010] that the longitudinal brightness seems to persistently have a two-peak structure at~110 and 270 longitudes, with the first peak being about 2 times stronger, from this study, we can conclude the following.
[35] 1. The longitudinal brightness could not be modeled with a reasonable variation in density and magnetic field with Io's motion in centrifugal latitude.
[36] 2. Instead, we found that we could match the data with narrow Gaussian functions that peaked at~110 and 290 longitudes.
[37] We do not offer a theoretical explanation for why the emission brightness should peak in such a way at these longitudes but offer our quantitative analysis for future theoretical study.
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